Introduction
Many biological and pathological effects are determined by a combination of exposure to an event or toxic substance and individual susceptibility. Harmful effects of toxic elements are usually traced to environmental exposure, but previous studies have shown evidence for genetic variation in humans for concentrations of arsenic, cadmium, lead and mercury in blood (1, 2) . Some loci which may affect concentrations of these elements in blood were identified using genetic linkage analysis (2) .
The effects of environmental variation on lead, and of lead concentrations in blood or tissues, have been extensively studied, particularly because of its effects on intellectual development in infancy and childhood (3) (4) (5) (6) . Adult cognitive function may also be affected (7) (8) (9) . There is evidence that higher lead values are associated with hypertension (10), peripheral vascular disease (11) , increased adult mortality (12, 13) , reproductive impairment (14, 15) , renal impairment (16, 17) and altered immune function (18, 19) . These adverse effects have prompted extensive measures to reduce lead exposure, mainly through removal of lead from paints and petrol (gasoline). Reduction in the lead content of petrol has produced changes in indices of body burden (20) (21) (22) (23) , but evidence of harm from lead exposure is still appearing. Successive rounds of the US National Health and Nutrition Examination Survey (NHANES), both before and after lead reduction measures, have shown associations between blood lead and both overall and cause-specific mortality (12, 13, (24) (25) (26) . Results suggest a 40-60% increase in adjusted mortality with increasing lead concentration across the range encountered in the USA population, for both cardiovascular and cancer deaths and at both times of survey. Although blood lead has a half-life ∼30 days and is therefore said to be a short-term marker of exposure, it predicts long-term effects such as mortality.
A number of attempts have been made to test for effects of genetic polymorphisms in candidate genes on blood or bone lead values. To date the results are mixed, with allelic associations both reported and denied for variants in ALAD (aminolevulinate dehydratase) and VDR (1,25-dihydroxyvitamin D3 receptor) (27, 28) . Two meta-analyses of published data (29, 30) suggest a small but statistically significant effect of rs1800435, a nonsynonymous coding variant in ALAD (Lys59Asn, often described as ALAD 1/2), on blood lead. Because of the clinical association between iron deficiency and lead toxicity, an association with iron status, which may up-or down-regulate intestinal divalent cation transporters, and specifically with HFE (hemochromatosis) genotype has also been proposed (31, 32) .
A few studies have considered the general question of familial similarity of toxic element concentrations and whether any such similarity is due to shared genes or shared environment. A family-based study of blood lead (33, 34) showed evidence for shared environmental effects in young siblings that diminished with age, and no spousal correlation, whereas a twin study (35) suggested additive genetic effects in women and shared environmental effects in men. We previously found significant heritability for blood lead, measured in erythrocytes (1), and have now extended the study of genetic causes of variation in lead concentrations using genome-wide association analysis on cohorts from Australia and UK.
Results

Blood lead distributions
The distribution of blood lead results varied by location and time. For the pregnant women in the ALSPAC study, with samples collected in 1991-1992, the mean was 0.177 µmol/l, SD 0.071 µmol/l (3.67 µg/dl, SD 1.47 µg/dl), N = 4285. For the first Australian study, with samples collected between 1993 and 1996, the mean estimated blood lead concentration (based on an assumed mean whole-blood haemoglobin concentration of 147 g/l) was 0.249 µmol/l, SD 0.129 µmol/l (5.16 µg/dl, SD 2.67 µg/dl), N = 2926. The second Australian study, with samples collected between 2001 and 2005, gave mean estimated blood lead 0.124 µmol/l, SD 0.083 µmol/l (2.57 µg/dl, SD 1.72 µg/dl), N = 1324. These statistics are derived from all participants with lead measurements, whether or not genotyping was available for the genome-wide association study (GWAS).
A small proportion of people had lead measurements from both the Australian projects, and for these the correlation between estimated blood lead results on the two occasions was r = 0.466, N = 78, P = 1.5 × 10 −5 . A paired test on these subjects
showed that the mean decrease in blood lead across time was 0.148 ± 0.013 (standard error of mean) µmol/l, 3.06 ± 0.27 µg/dl (t = 11.76, P = 5.98 × 10
−19
).
Genetic associations
We present the allelic association results from Australian and UK cohorts as a Manhattan plot in Figure 1 and list the significant and suggestive loci in Table 1 . Further details are given in Supplementary Material, Table S1 and Supplementary Material, Figures S1 and S2. Genome-wide significant (P < 5 × 10 −8 ) results were found on chromosome 9, and the single nucleotide polymorphisms (SNP) showing association were located within or close to the ALAD gene. A regional plot for the ALAD region is shown in Figure 2 . The most significant result in the meta-analysis (P = 3.91 × 10 −14 ) was for rs1805313, which is intronic. This was also the most significant SNP in the ALSPAC data (P = 2.22 × 10 −7 ), whereas in the QIMR data it was the second most significant (P = 1.65 × 10 −9 ) and the most significant was rs8177800 (P = 2.76 × 10 −12 ).
The previously reported non-synonymous coding polymorphism (ALAD 1/2, rs1800435, Lys59Asn) did not show genome-wide significant association in our data (P = 0.0045). Conditional analysis of SNPs within 1.0 Mbp of rs1805313 (N = 3203 SNPs) revealed two SNPs with suggestive evidence of independent association; rs10121150 in the BSPRY gene and rs8177812 in the ALAD gene (Table 2 , Supplementary Material, Fig. S3 ). rs10121150 at the BSPRY locus, which is not in strong linkage disequilibrium with rs1805313 (r 2 = 0.020, D′ = 0.372), met genome-wide significance in the unadjusted analysis (P meta = 3.35 × 10 −8 ), and this effect was only slightly attenuated after conditioning on rs1805313 (P meta = 5.06 × 10
−7
). In contrast, rs8177812 at the ALAD locus, which is in partial LD with rs1805313 (r 2 = 0.406, D′ = 1), was non-significant in the unadjusted analysis (P meta = 0.935), but showed suggestive evidence for association after conditioning on rs1805313 (P meta = 2.27 × 10 −6 ; Supplementary Material, Fig. S3 ). Results for the non-synonymous coding SNP rs1800435 were essentially unchanged after adjusting for effects of rs1805313 (P = 0.0038, compared with 0.0045 originally). Several other loci contained SNPs which did not reach genome-wide significance but showed suggestive evidence of association (P < 5 × 10 −6 ; Table 1 , Supplementary Material, Fig. S2 ), including variants within the ABO gene. Gene-based analysis using VEGAS showed no additional significant genes. Estimation of the proportion of phenotypic variance associated with all typed SNPs, using GCTA on the unrelated ALSPAC subjects, gave an estimate of 37 ± 14% for the SNP-based heritability.
Gene expression
Multiple SNPs, including rs1805313, have effects on ALAD expression in unfractionated, non-transformed cells from whole blood (36) . We compared allelic effects of SNPs on lead results with the reported effects on ALAD expression to check whether effects on gene expression give a plausible explanation for the effects on blood lead. A comparison of SNP associations with ALAD expression in whole blood and with blood lead concentration is shown in Figure 2 . Another SNP, rs818702, which is not in LD with rs1805313 (r 2 = 0.003, D′ = 0.080) and has been reported to affect ALAD expression in liver (37) but not blood cells, shows only nominal association with blood lead in our data (P = 3.96 × 10 −5 ).
Linkage and association
In view of our previous results (2) suggesting linkage of blood lead to a locus on chromosome 3, with SLC4A7 as a strong candidate gene, we examined the region of chromosome 3 between the microsatellite markers D3S3726 (at 19.5 Mbp) and D3S1300 (at 60.5 Mbp), with a particular emphasis on the region around the linkage peak at ∼28 Mbp. The strongest allelic association was for rs62255214, which is within 200 kb of SLC4A7, but this was not genome-wide significant (P = 3.14 × 10 −5 ).
Discussion
After combining results from our UK and Australian studies, we found significant allelic associations for blood lead on chromosome 9 at ALAD. Three SNPs at this locus showed genome-wide significant associations. These were consistent between the Australian and UK datasets, but with some heterogeneity of effect sizes which may be due to differences in SNP imputation. The strongest effect on our combined data was for rs1805313, which is intronic, and we found evidence of independent effects for other SNPs in the region. Although the conditional analysis did Table 1 . Genome-wide significant (P < 5.0 × 10 http://hmg.oxfordjournals.org/ not reveal additional SNPs that met the criteria for genome-wide significance, the region examined was limited and the two independent SNP associations with P < 5 × 10 −6 at this locus are unlikely to arise by chance. The mechanism behind these allelic associations is uncertain. Aminolevulinate dehydratase (E.C. 4.2.1.24) converts deltaaminolevulinic acid to porphobilinogen, an essential early step in the synthesis of porphyrins and haem. This enzyme has previously been associated with lead at a number of levels. Lead inhibits ALAD activity, and measurement of erythrocyte ALAD has been used as a biomarker of lead exposure (38) . There have been many studies of the relationship between ALAD polymorphisms and blood or bone lead concentration (summarized in 29 and 30). Other papers suggest that ALAD polymorphisms modify the relationship between either lead exposure or blood lead, and various neurological or haematological aspects of lead toxicity. These previous studies have focussed on the nonsynonymous coding SNP rs1800435, Lys59Asn (which they usually refer to as ALAD 1/2). A meta-analysis by Zhao et al. (30) suggested a small effect of ALAD 1/2 on blood lead, while Scinicariello et al. (29) suggested that the effect is only seen in leadexposed subjects. However, although our data show highly significant association with blood lead at the ALAD locus, we find far less evidence of association for this non-synonymous coding SNP despite our large sample size and consistency of results across two populations (in Australia and UK).
SNP effects are often postulated to affect gene expression; data from blood cells or liver show associations between genotype and ALAD expression for the most significant SNP in our results (rs1805313), among others. One possible model is that these SNPs affect ALAD concentration in the erythrocytes; ALAD binds lead; so the SNPs affect erythrocyte lead concentration. However, the pattern of SNP associations with ALAD expression across the nearby region is inconsistent with this explanation, because a cluster of SNPs extending across RGS3 and not in linkage disequilibrium with rs1805313 show equally strong association with ALAD expression but not blood lead (see Fig. 2 ). One caveat is that the ALAD expression data are derived from studies on peripheral blood cells, and it is possible that effects on expression in the erythrocyte precursors may differ. Other explanations are possible, but the metabolic step catalysed by ALAD has no obvious connection with lead uptake or accumulation.
Although ALAD is the first gene to consider in relation to our SNP association findings, it is not the only candidate. Firstly, one of the SNPs which showed suggestive association with blood lead after conditioning on rs1805313, rs10121150, is in an intron of BSPRY, This gene is annotated by UniProt (http://www.uniprot. org/uniprot/Q5W0U4#section_comments) as coding for a zinc finger protein, with 'zinc ion binding' and 'calcium ion transport' functions. Other evidence (39) implies that BSPRY is involved in epithelial Ca 2+ signalling on the grounds that it is co-expressed with other genes with this postulated function. Secondly, this SNP (rs10121150), and others in linkage disequilibrium with it, affect expression of SLC31A2, another transport gene which primarily transports copper (40) but might also affect other divalent cations including lead. However, other SNPs with stronger effects on SLC31A2 expression did not affect lead concentration.
It is important to consider whether variation at ALAD affects the whole-body burden of lead, or only the erythrocyte results. The ALAD result may mean that some people are more likely to suffer lead toxicity because the polymorphism leads to higher blood lead levels. Alternatively, these people could paradoxically be more resistant to lead toxicity (for a given blood lead level) because the lead is bound to ALAD and not available to damage neural or erythrocyte-precursor tissues. There are implications for variation in vulnerability to high blood (and maybe total body) lead from similar levels of exposure; and for interpretation of blood lead results and the relationship between blood lead and risk of toxicity. At present, and pending further data, we cannot be sure whether rs1805313 and other variants near ALAD affect whole-body lead burden and lead-related risk.
The suggestive loci need confirmation or refutation from future studies, but the association at ABO is interesting. This locus has previously shown allelic associations for low-density lipoprotein cholesterol and the cell adhesion molecule ICAM-1, coronary heart disease, venous thromboembolism and coagulation factors, thyroid disease and erythrocyte traits (http://www. genome.gov/gwastudies/, accessed 1 October 2014). The SNPs which reached suggestive significance for lead in this study include rs507666, which is associated with A1 blood group status (41) . However, none of these findings provide obvious clues to the possible relationship between ABO and lead concentration.
The previous linkage finding on chromosome 3, centred on SLC4A7 (2), is not explained or supported by our allelic association results. There is no association in the relevant region with P < 10 −5 so the current results certainly rule out a common-variant effect large enough to account for the previous linkage result. There could still be an effect from SNPs of large effect which are poorly tagged by the genotyped and imputed variants or the original linkage finding could represent a Type I error. Our study has both limitations and strengths. It was conducted on adults not known to be occupationally exposed to lead, and we only measured blood (or erythrocyte) lead concentrations. Bone or total body lead content may be subject to different effects. As well as larger studies to detect additional loci, GWAS should be extended to include non-invasive assessment of bone lead. In view of the suggestions in published meta-analyses that allelic effects at ALAD may be greater in occupationally exposed people, and in children, effects of rs1805313 should be checked in these groups. Nevertheless this study, which we believe to be the first genome-wide assessment of SNP associations with blood lead, was based on two substantial datasets which showed consistent results. It emphasises the existence of genetic variation in the response to environmental lead sources, and shows highly significant and diverse effects at or near the ALAD locus.
Materials and Methods
Australia (Queensland Institute of Medical Research)
Our analysis is based on results for 2603 adults with phenotype and genotype data who participated in one or both of two studies First, the allele count for the most significant SNP from the meta-analysis (rs1805313) was included as a covariate in association analysis, and two other SNPs (rs10121150 and rs8177812) then showed suggestive association with blood lead. Second, allele counts for rs10121150 and rs8177812 were included as covariates. A1 is the effect allele. Table S2 . The first of these studies recruited twins born before 1964 who were enrolled in a volunteer registry (the Australian Twin Registry). Subjects and methods for this study are described in ref. (2) . Briefly, participants completed a postal questionnaire in 1989 and a telephone interview in 1993-1994, and provided a blood sample in 1993-1996. We initially determined zygosity from responses to questions about physical similarity, but this has now been updated for those with data included in this paper using SNP-typing results. Participants gave written informed consent, and the studies were approved by the appropriate ethics committees. Blood was collected from 1134 men and 2241 women.
As blood samples had been fractionated to provide plasma, buffy coat for DNA extraction and erythrocytes, we used erythrocytes rather than whole blood for elemental analysis. Samples were stored at −80°C. Before analysis, the erythrocytes were thawed at room temperature and diluted 1:20 in ammonia/ ethylenediaminetetraacetic acid solution containing rhodium as an internal standard. Lead concentrations were measured by inductively coupled-plasma mass spectrometry (ICP-MS) on a PerkinElmer Elan 5000 mass spectrometer (PerkinElmer Inc., Wellesley, MA, USA) or a Varian UltraMass (Varian Inc., Palo Alto, CA, USA). Haemoglobin concentration was then measured on the diluted samples using the cyanmethemoglobin method.
Analytical precision for lead measurement in the Australian study was calculated from results on high and low quality control (QC) materials that were analysed with each batch of samples. At a mean lead concentration of 0.14 μmol/l, the between-day standard deviation was 0.018 μmol/l (coefficient of variation 13.1%) and at 1.81 μmol/l it was 0.169 μmol/l (9.4%). For 117 subjects, erythrocyte lead was measured on two separate blood tubes taken on the same occasion, with good correlation between the replicates (r = 0.954).
Results were log-transformed and analysis batch, haemoglobin concentration in the thawed sample and analytical QC data were used as covariates in preliminary steps which generated standardized residuals for subsequent analysis, as previously described (1) . Of the 2926 participants from this 1993-1996 Twin Study with measurements of lead concentration in erythrocytes, 1570 had genome-wide SNP genotyping data. Genotypes were determined using Illumina chips; methods, QC steps and imputation of untyped HapMap 2 SNPs were as previously described (42) .
The second of the Australian studies which generated data on lead concentrations took place in 2001-2005 and was designed to characterize loci affecting alcohol or nicotine dependence through a genome-wide association approach (43) . This was a twin-family design, in which relatives of participants in our earlier twin studies were also recruited. Data were again obtained through telephone interviews, and blood samples were obtained from 8396 people. Again, element concentrations were determined on erythrocyte fractions by ICP-MS, but with an Agilent 7500 system (Agilent Technologies Inc., Santa Clara, CA, USA). Covariate adjustment and generation of standardized residuals were carried out in the same way as for the previous study. A total of 1104 people from the nicotine-alcohol study had both phenotypic data and genome-wide SNP data.
After allowing for overlap of 71 genotyped people who had data from participation in both the earlier and later Australian studies, for whom the earlier result was used, there were 2603 valid sets of phenotype and genotype results.
Genotypes for untyped SNPs were imputed using haplotypes from the 1000 Genomes project (Europeans in the 1000G release on 4 August 2010), the observed genotypes were phased using the 'MACH' program followed by imputation using the 'minimac' program. Poorly imputed SNPs (with r 2 < 0.3) were excluded from further analysis. Genome-wide allelic association analysis was carried out on the standardized residuals for erythrocyte lead, pre-adjusted for sex and age, using an additive model accounting for within-family relatedness in Merlin (44) (http://www.sph. umich.edu/csg/abecasis/Merlin/, accessed 7 June 2012).
UK (Avon Longitudinal Study of Parents and Children)
The Avon Longitudinal Study of Parents and Children (ALSPAC), also known as The Children of the Nineties Study, was designed to understand the ways in which the physical and social environments interact over time with genetic inheritance to affect health, behaviour and development in infancy, childhood and then into adulthood (45, 46) . Information on study participants is summarized in Supplementary Material, Table S2 . The study area (formerly known as Avon) is an area bordering the Severn estuary, with a total population of 1 million, including Bristol, a major city of population 0.5 million, and surrounding areas including small towns, villages and farming communities. Eligible women were those who were pregnant, resident in the study area and had an expected date of delivery between 1 April 1991 and 31 December 1992. They were recruited as early in pregnancy as possible. Of all mothers who were interested in taking part, an estimated 80% of the eligible population were included and answered at least one questionnaire. Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Please note that the study website contains details of all the data that is available through a fully searchable data dictionary (http://www.bris.ac. uk/alspac/researchers/data-access/data-dictionary/). Maternal blood samples were collected in acid washed vacutainers by midwives on the first occasion on which they saw the pregnant women. Samples were kept as whole blood in the original tubes stored at 4°C. Trace metal analysis was performed by the Centers for Disease Control, Atlanta, GA in 2009-2010 on a sub-sample of ALSPAC mothers, broadly representative of the whole cohort (47) . Clotted whole blood was digested by adding concentrated nitric acid and heating in a microwave at a controlled temperature and time. Addition of rhenium prior to heating allowed the correction of results for any loss due to evaporation. The digestion matrix was diluted 1:9 by volume using internal standards (Ir and Te) at a constant concentration. Diluted liquid samples were introduced as an aerosol into the inductively coupled-plasma dynamic reaction cell mass spectrometry (ICP-DRC-MS) through a nebulizer and spray chamber carried by a flowing argon stream.
Analytical QC information could not be accessed for the ALSPAC study, but repeated measurement data were available. Blood lead was measured on some participants on two different occasions. Forty subjects had repeated measures up to 11 weeks apart (intraclass correlation 0.88); 24 of them had repeated measures up to 8 weeks apart (intraclass correlation 0.93); 13 of them had repeated measures up to 6 weeks apart (intraclass correlation 0.94). As the time interval decreases in UK data, the within-person correlation converges towards that found for replicated measurements on the same occasion for the Australian participants.
Ten thousand and fifteen women (mothers from the ALSPAC cohort) were genotyped using the Illumina 660 quad SNP chip which contains 557 124 SNP markers. Markers with minor allele frequency < 1%, SNPs with >5% missing genotypes and any markers that failed an exact test of Hardy-Weinberg equilibrium (P < 1 × 10 −6 ) were excluded from further analyses. Samples were excluded if they displayed >5% missingness, had indeterminate X chromosome heterozygosity or extreme autosomal heterozygosity. Samples which might contribute to population stratification were identified by multidimensional scaling of genome-wide identity-by-state pairwise distances using the four HapMap2 populations as a reference, and then excluded. Cryptic relatedness was assessed using a Pi-hat of >0.125 which is expected to correspond to roughly 12.5% alleles shared IBD or a relatedness at the first cousin level. Related subjects that passed all other QC thresholds were retained during subsequent phasing and imputation, but then one from each pair of putatively related individuals were excluded from all genetic association analyses. Nine thousand and forty-eight subjects and 526 688 SNPs passed QC filters. We combined mothers' genotypes with cleaned genome-wide SNP data from 9115 ALSPAC children (see 48 for details) and removed a further 321 subjects due to potential sample mismatches. This resulted in a dataset of 17 842 subjects including 6305 mother-offspring duos. We estimated haplotypes using ShapeIT (v2.r644) which utilises relatedness during phasing (49) . Additional genotypes were imputed using IMPUTE version2 (50) to a 1000 Genomes reference panel that contained all available ethnicities with singleton and monomorphic sites removed (May 2011 1000 genomes release, and the phase release was December 2013 from the impute2 website (https://mathgen. stats.ox.ac.uk/impute/impute_v2.html#reference)). Eight thousand and one hundred ninety-six eligible mothers with available genotype data remained after exclusion of related subjects using the cryptic relatedness measures described above. Only imputed genotypes with minor allele frequencies ≥1%, INFO ≥0.4 and which were biallelic were considered for association (N = 8 269 388 SNPs). Of these 8196 mothers with cleaned genetic data, 2830 mothers also had phenotype data available.
Blood lead concentrations were log 10 transformed to approximate normality. Batch was included as a random effect and standardized residuals were derived. We then performed genomewide association analysis on these residuals using the software package SNPTEST (51) .
Further analysis
Results from the Australian and UK data were compared and combined using fixed-effects inverse-variance meta-analysis in METAL (52) (http://www.sph.umich.edu/csg/abecasis/Metal/, accessed 6 June 2012). SNPs were excluded if the minor allele frequency was <1%, the INFO score was <0.4 (for ALSPAC) or the R2 score was <0.3 (for QIMR). Of note, 6 391 392 SNPs that met the inclusion criteria and were present in all studies were included in the meta-analysis. Each dataset was checked for acceptable Q-Q plots, with estimated λ values of 1.005 and 1.012 obtained for the Australian and UK results, respectively. Results were visualized using LocusZoom (53) (http://csg.sph.umich. edu/locuszoom/, accessed 6 June 2012) and R (54). Conditional analysis, in which the most significant SNP at each locus was included as a covariate in order to detect independent effects at such loci, was carried out on each of the datasets and results were combined by meta-analysis. Gene-based analysis with VEGAS (55) (http://gump.qimr.edu.au/VEGAS/, accessed 30 October 2012) was used to check whether any genes showed over-representation of nominally significant SNPs, as might occur if several variants in a gene, not in linkage disequilibrium with each other, affect the phenotype. Regions around SNPs which showed genome-wide significance were checked for expression QTLs using 'Blood eQTL browser' (http://genenetwork. nl/bloodeqtlbrowser/) and data on liver eQTLs from ref. (37) .
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